Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:°F =(1.8×°C)+32
Horizontal coordinate information is referenced to the North American Datum of 1927 (NAD 27).
Introduction
Salmonids in the Klamath River Basin are currently experiencing multiple stresses from both anthropogenic and natural sources, and have much at stake in the potential outcomes of the pending Secretarial Determination (SD) in 2012 to either remove or retain four hydropower dams in the upper basin below Upper Klamath Lake ( fig. 1 ). Salmonids are living at an ecological edge for thermal conditions (Bartholow, 2005) , and are already at risk within an environment that is affected by local water management, and that is experiencing underlying temperature and hydrologic changes as a result of global climate change. Water temperature in the Klamath Basin has already increased by about 0.5°C per decade over the period of 1962 of -2003 of (Bartholow and others, 2005 . Additional environmental stressors to the Klamath Basin caused by climate change include extended summer low flows and earlier seasonal rises in springtime stream temperatures. These changes in stream temperature are not conducive for survival of cold water species, such as salmonids, that exploit the available thermal extremes for life cycle needs that are present in the spring when water temperature is warming, and in the fall when water temperature is cooling (Shuter and Meisner, 1992) .
As part of the upcoming SD in 2012, the effects of dam removal will have to be evaluated in the context of various climate change scenarios. Predictions of future temperature increases vary depending on the General Circulation Model (GCM) or regional model used. The models generally agree that air temperature will increase (Barnett and others, 2004; Payne and others, 2004; Maurer and Duffy, 2005; Vicuna and Dracup, 2007; Brekke and others, 2009) , with a potential range of increase in air temperature of 1.5 to 4.5°C by 2100 for California (Cayan and others, 2008) . Patterns of precipitation and runoff are also likely to change over the next century, although the direction of change for precipitation is much less certain. For northern California, little change is projected during the 21st century, but there is a tendency for increases in the numbers and magnitudes of large precipitation events (Cayan and others, 2008) . Although the average annual runoff in many river basins could stay relatively stable, the timing of runoff and the form of precipitation is likely to change as a result of warmer winters. Snow-melt driven basins will receive peak runoff earlier in the year (Barnett and others, 2004) . Baseflow could be lower in summer, and could become more dependent on reservoir storage in regulated rivers in order to meet instream flows mandated by biological opinions (Payne and others, 2004) by the U.S. Fish and Wildlife Service (FWS) or the National Marine Fisheries Service (NMFS) program of the National Oceanic and Atmospheric Administration (NOAA).
Resource managers are seeking both short-and long-term mitigation and management options that can allow the Klamath River salmon fishery to persist and improve in the future. Thermal refugia and restored habitat would provide more physical space and access to more tributaries to the Klamath River for stream spawning salmonids (National Marine Fisheries Service, 2006) . Dam removal on the Klamath could provide longer spring/fall periods when temperature is in the preferred range for the rearing/spawning life stages of these fish, as well as providing access to additional suitable rearing/spawning habitat. Under the SD process, the best scientific evidence is required to estimate potential effects of dam removal or retention on Klamath Basin fisheries. Simulated future effects of dam removal and ongoing changes in climate are necessary for assessing alternative scenarios. Therefore, modeling tools will play an important role in evaluating dam removal as a feasible option for meeting desired resource management objectives. Existing decision support system (DSS) models for the SD include SIAM/SALMOD (Bartholow and others, 2005) , but it is also important to begin laying the foundation for migrating the concepts of SIAM/SALMOD to a more advanced modeling framework for the future. These modeling tools require detailed input data for current climatic conditions for calibration purposes, as well as for potential future projected climatic conditions. Potential changes in air temperature at reasonable spatial scales can greatly influence stream temperature and provide a dominant driver for waterquality simulations for decision support systems for addressing potential effects of dam removal in the Klamath Basin.
Purpose and Scope
The purpose of this report is to document work being done to derive the potential future stream temperatures necessary as input to water-quality models for the SIAM/SALMOD decision support system using future climate projections. This work was performed in support of research providing scientific input to the SD in 2012. Stream temperature models were developed, calibrated to measured stream temperatures, and a extrapolated using future projections of air temperature for multiple 21st century scenarios.
Description of the Study Area
The Klamath River Basin spans the Oregon-California border and ranges from high elevation, relatively flat volcanic deposits in the upper basin, to steep, dissected river channels in the lower basin. Upper Klamath Lake, the largest natural lake in Oregon, is fed primarily by the Sprague, Williamson, and Wood Rivers as well as numerous springs that flow directly into the lake. Water flowing out of Upper Klamath Lake becomes the Klamath River, which flows 423 river kilometers (km) to the Pacific Ocean, cutting through the Cascade and coastal mountain ranges. The basin drains approximately 21,000 square km and encompasses parts of three Oregon and five California counties.
Climate patterns are very variable throughout the Klamath Basin, ranging from varying degrees of marine influences in the coastal region, with moderated temperatures and higher precipitation, to warmer, drier summers and winter snowpack in the upper basin. Generally, temperatures are warmest in July and coolest in January. December and January are the wettest months, and July is the driest. In Klamath Falls, in the Upper Klamath Basin, annual average high temperature is 16°C, and the average low is 2°C. Average January temperatures range between −6°C and 3°C, while July temperatures range between 11°C and 30°C. Klamath Falls receives about 340 millimeters (mm) of rain each year. January and December are the wettest months (50 mm per month), and July is the driest (10 mm). Annual average high temperature is also 16°C, but the average low is 7°C in Klamath, California, near the mouth of the Klamath River. Average minimum and maximum January temperatures are 3°C and 12°C, while July averages are 11°C and 19°C. The months of December and January each receive about 360 mm of rain in Klamath, and the yearly total is 2,030 mm; July is very dry, in contrast, getting only about 10 mm. Springtime snowmelt from the tributaries contributes to high flows from April to June, providing cold water and thermal refugia. By late summer and early fall, flows are typically low and thermal refugia have diminished significantly in most locations in the main stem Klamath River.
Methods
The approach used to estimate stream temperatures for the Klamath River Basin is based on methods developed by Flint and Flint (2008) that developed multiple regression models for streams by using measured stream-temperature data, measured air temperature and relative humidity data, and simulated net solar radiation.
Development of Future Climate Scenarios
Future climate projections were developed by U.S. Bureau of Reclamation (Raff, 2009 ) by using climate projections housed in a downscaled climate projection archive (http://gdo-dcp.ucllnl.org/downscaled_cmip3_projections/). On the basis of criteria described by Raff (2009) Meehl and others, 2007) . The downscaling from the original GCM scale of 2 degrees spatial resolution, which represents a spatial scale that is too coarse for most impact studies, was done following a methodology by Wood and others (2004) and was applied to these projections to provide information at a 1/8 degree resolution that can be used to study potential climate change effects.
Of the three emissions scenarios within the downscaled archive, 75 projections were extracted representing all of the projections following the A1B and A2 emissions paths. The A1B and A2 scenarios use higher greenhouse gas emissions than the B1 emissions scenario. The B1 emissions scenario was not included because global emissions are already known to exceed all scenarios described in the Intergovernmental Panel on Climate Change (IPCC) Special Report on Emission Scenarios (SRES; IPCC, 2000) at the present time, and, therefore, the B1 projections were considered less likely future projections than the A1B and A2 projections.
To correspond with existing tools and methods for evaluating water quality in the region, projections were divided into three regions: the Upper Basin, encompassed by the region upstream of Iron Gate Dam (fig. 2) ; the Lower Basin, encompassing all basins downstream of Iron Gate Dam; and the Coastal Basin, encompassing the furthest downstream reaches of the Klamath and Trinity Rivers. Temporally, and strictly for development of the bias-corrected projections, the projections were divided into two equal length periods-the baseline period defined as 1950-99, and a 'lookahead' period defined as 2020-69. The lookahead period was chosen on the basis of the analysis period defined for the Klamath Dam Removal Study (Reclamation, 2011) . A 50-year baseline and a lookahead period were used to encompass the full time period of analysis that would lead to a single set of projections to facilitate the evaluation. The projections for each of the Upper, Lower, and Coastal regions of the Klamath Basin were averaged both spatially and over the temporal period. The result of this averaging is a single value of air temperature for each projection for each of the three regions within the baseline period and the lookahead period.
The metrics of climate change that were evaluated were changes in air temperature, described as a net change from baseline to future. Selection of climate-change scenarios were defined by the distribution of the projected net change in air temperature and were distributed within Weibull plots with 25 th and 75 th quantiles defining four of the scenarios, and the 5 th scenario defined as the 50 th quantile. Additional details describing the selection of the five scenarios are described in Raff (2009) . Ten realizations were done by using the SACSMASnow17 hydrology model, which was used to translate the regional climate change scenarios into runoff for the water quality modeling (U.S. Department of Interior, 2009), to incorporate some of the randomness of the temporal scaling technique for each scenario. One realization was chosen that produced the median change in mean-annual unregulated runoff. Thus, five scenarios were made available from Reclamation for 1950-2099 ( 
Data Collection and Development of Model Inputs
Data used in this study for model development were from water years 1999-2008, and included daily maximum and minimum air temperature, and daily relative humidity, all of which were used to calculate vapor density deficit. Measured stream temperatures and simulated net radiation also were used to calibrate the stream temperature regression models.
Meteorology Data and Processing
To best represent the spatial structure of large-scale synoptic meteorological processes, a large number of data stations were analyzed ( fig. 2; The values of maximum and minimum air temperature and relative humidity were spatially distributed to all grid cells (270 by 270 meters) for the Klamath River Basin model domain for each day by using an equation developed by Nalder and Wein (1998) and modified by Flint and Flint (2008) . The equation uses multiple regressions to combine a spatial and elevation gradient with an application of inversedistance squared weighting of daily point data to interpolate temperature or relative humidity to each grid cell (see Flint and Flint, 2008, fig. 3 ).
Solar Radiation and Vapor Density Deficit
It was determined by Flint and Flint (2008) that net radiation and vapor density deficit were highly correlated to stream temperature, along with air temperature. Net radiation was simulated following methods described in Flint and Flint (2008) . Vapor density deficit is the ratio of vapor density at saturation for the specified air temperature and the current density at the same air temperature. This was used because vapor density deficit, rather than relative humidity, is a major driving force for evaporation or evaporative cooling (Campbell, 1979; Mohseni and Stefan, 1999) . Vapor density deficit was calculated from daily mean air temperature and relative humidity by using formulae from Campbell (1979) . Vapor density deficit was calculated from relative humidity (RH) and mean air temperature (Tmean, in °C) following Campbell and Norman (1998) 
Stream Temperature Data and Model Development
Stream temperature data were collected from several sources for 18 tributary streams in the Upper Basin and 6 tributary streams for the Lower Basin. Locations and sources are shown in table 3. In order to delineate the upstream area for contributing streamflows, all grid cells upstream of each measurement location were identified by using the USGS National Hydrography Dataset and ArcGIS (ESRI; www.esri. com/arcgis).
To develop the representative parameters for the stream temperature analysis, the data were extracted only for grid cells that intersected stream channels because it was assumed that the higher elevations and side slopes of the basins away from the streams would unduly bias the average parameter value for each stream. For example, radiation load directly on a stream would have a more significant influence on stream temperature than the average load on the stream basin. An example of simulated solar radiation extracted for the stream is shown in figure 3 for August 26, for all streams considered in the stream temperature analysis. The variability of solar radiation load on streams in basins with steep topography is apparent; whereas, radiation load on streams in basins with flatter topography have less topographic shading and, thus, higher and less variable radiation loads. All distributed parameters (net radiation, relative humidity, and maximum and minimum daily air temperature) were extracted for the streams from the daily grids developed for all parameters to produce a daily time series for Jan. 1, 1999, to Dec. 31, 2008, of mean values for each of 24 stream basins ( fig. 3) .
Development of Regression Equations
An equation for stream temperature (StrmT) was developed for each tributary by using available intermittent maximum and minimum daily stream temperature data for 24 tributaries with measured stream temperature data, following the form: For example, net radiation is at a maximum in late June when stream temperatures are still rising. This seasonality was accounted for by using a sine response to day of the year (from 0 to 360 degrees), then offset so the maximum (1) occurred in late summer, and the minimum (-1) occurred in mid-winter. This was calculated by using the equation: Fits are done to minimize the root mean square error between observed and estimated stream temperature. 
StrmT = a b(Rn) c(VDD) d(Tmean) e(DA) f(DA2)
+ + + + +(4)
Correction and Application of Future Air Temperature Projections
The future temperature projections were originally biascorrected following a two-step procedure described by Wood and others (2002) and Maurer (2007) . The observed data that were used for the bias correction are daily gridded data that are available at 12-km spatial resolution from 1950-99 (Maurer and others, 2002) . During development of the futuretemperature files, it was noted that average temperatures for the historical baseline period 1950-99 were generally lower than the local weather-station data used to calibrate the fish production water-quality model. This station was located in Montague, CA, in the Shasta River Basin, had a sparse record, and was not used in the development of temperature grids for For application of the basin-averaged future air-temperature projections, a method was developed to spatially distribute the daily air temperature throughout the basins. An adiabatic lapse rate (6.9°C per 1,000 meters) from the mean elevation for both the Upper and Lower Klamath Basins was calculated for every grid cell on the basis of a 270-meter (m) digital elevation model, and applied to each climate projection for each region. The resulting air temperature for each day was extracted for all stream cells upstream of measured stream temperature locations. These values were then used with the calibrated regression equations to estimate future stream temperatures.
As future projections only provided daily mean air temperature, estimates of future net radiation and vapor density deficit were also required. Net radiation was simulated by using future projections of air temperature for the calculation of long-wave radiation following equations in Flint and Flint (2008) . Cloudy sky conditions were not incorporated into the estimate as a temperature range of maximum and minimum air temperatures were not available for future projections. To estimate vapor density deficit on the basis of mean air temperature, a polynomial equation was fit to the relation between mean air temperature and vapor density deficit for all streams. The equation was used with future air temperature projections extracted for each stream to calculate future vapor density deficit.
Results and Discussion

Regression Analysis
Regression equations were developed for each tributary stream, and the error between observed and estimated stream temperature was minimized on the basis of root mean square error. The equations to calculate vapor density deficit for each stream, all regression equation coefficients and statistics, and number of stream temperature measurements in the period of record are included in table 5. Coefficient of determination for the estimate of vapor density deficit on the basis of mean air temperature was generally high, with r 2 values between 0.7 and 0.9. The standard error of the y-estimate (SEE) for the estimation of stream temperature for the 24 streams ranged from 0.36°C to 1.64°C, with an average error of 1.12°C for all streams. Generally, the smaller basins have a lower SEE, often under a degree C (table 5). In addition, streams with longer measurement records appear to have a higher SEE (table 5). The quality of temperature record, whether continuous or spotty, or with occasional large spikes or dives in temperature, can also lead to higher errors in the estimate of stream temperature. Whether or not the measurement data provided bounds to the seasonal stream-temperature range was also a factor in the resulting error. The range of parameter coefficients in table 5 is due to the lack of a physical basis for the purely empirical derivations. Regressions were developed specifically for each tributary on the basis of the measured data. The regressions were then applied to gaps in the data record at those sites to complete the 10-yr calibration period, and were then applied to the 100-yr future period. Stream temperature estimates for Spencer Creek, extrapolated to the calibration period, 1999-2008, on the basis of a regression developed from intermittent data, are shown in figure 4 . Included in the figure are the measured versus predicted stream temperatures and regression equation, as well as the polynomial fit of vapor density deficit and mean daily air temperature. Table 5 . Regression equations and errors for stream temperature in streams of the Klamath River basin.
[DA, day of year function; r 2 , coefficient of determination; RMSE, root mean square error; Rn, basin-averaged daily net radiation in million joules per day; SEE, standard error of estimate; Tmean, mean daily temperature; VDD, vapor density deficit in millibars; km 
Projected Future Stream Temperatures
Regression equations were used with future air-temperature projections to calculate both current stream temperatures for the calibration period, 1999-2008, and future projections of stream temperature for 2000-99 for all tributary streams, using all five air temperature projections. To illustrate the variation among just two of the projections for two tributary basins, the measured stream temperature, air temperature, and predicted stream temperature are accompanied by the projected air temperature and calculated stream temperature for Run 6 and Run 11 ( fig. 5; table 1 ). For the Scott River, it can be seen that the projected air temperatures are slightly lower than the measured air temperatures, translating into lower stream temperatures for the projections. The measured and projected air temperatures for the Salmon River show more variability in the projections, rising above and falling below the measured air temperature, which also translates into greater variability for the projected stream temperature, especially for Run 6.
The variation among projections for mean and maximum daily stream temperature, as well as the change between current and future air temperature conditions, is shown in figure 6 and table 6 for all streams. There are notable differences among the projections and among streams. For example, Run 45 is the lowest for the Shasta River stream temperatures ( fig. 6; table 6 ), whereas Run 37 is the lowest for the North Fork and South Fork Trinity Rivers ( fig. 6; table 6 ). Some streams show very little difference among projections, such as Fall, Shovel ( fig. 6; table 6 ), and Trout Creeks ( fig. 6; table 6 ). The change over the century is also variable, from over a 2°C change between baseline (1950-99) and the end of the century (Shasta River, fig. 6; table 7) to no change at all (Trout Creek, fig. 6 ; table 7). Included in the figures and table are both the daily average mean ( fig. 6A ) and maximum stream temperature ( fig. 6B ) for 1999-2008, and the daily average ( fig. 6A) and maximum baseline temperature ( fig. 6B) for 1950-99. The baseline temperature was used to perform the bias correction, and, thus, the projections should exhibit change with the baseline as the starting point. This is apparent in the figures as the projected warming proceeds upward from the baseline through the end of the 21st century. However, there are numerous streams that exhibited a large change in temperature between the baseline period and the calibration period (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) , such that most of the streams had higher temperatures and several of them had maximum-daily temperature increases of more than 2°C between the baseline and calibration periods (table 7). Of particular note are the Shasta River, which increased in mean daily stream temperature by 3.4°C, and the Salmon River, which increased in maximum daily stream temperature by 4.2°C (table 7) . There are numerous streams that show little measured change over the last 58 years, particularly Crooked Creek, the Sprague River near Chiloquin, and Trout Creek (table 7) , all of which are located relatively close together ( fig. 3) and potentially moderated by large groundwater inflows. Jenny and Fall Creeks, located farther west and also close together ( fig. 3 ), exhibited small changes over time as well (table 7) . There is no systematic moderation of the degree of change in stream temperature on the basis of dominance by groundwater flows in the Upper Basin, however, because several streams exhibited large changes, such as SF Sprague River at Blaisdell and Sprague River at Tinkers (table 7) . The mean changes are lower for the Upper Basin, however, than for the Lower Basin. The large rivers in the Lower Basin show large increases in temperature between the baseline and calibration period, with the exception of the Trinity River, which had smaller changes in stream temperature than the Salmon, Scott, and Shasta Rivers. The Trinity River Basin experiences greater coastal temperature moderating effects, and has fewer land uses that enhance stream warming than the other larger rivers. For these three rivers, the largest change is for the Shasta and the smallest is for the Salmon, perhaps indicating coastal moderating of temperatures or different land-use practices. The mean change in stream temperature between the historical baseline period and the last 10 years is 1.2°C, and the mean change stream temperature between the baseline period and the end of the century is 1°C. 24.5 Table 6 . Mean and maximum daily stream temperature, in degrees Celsius, for two historical periods and three 30-year future periods for five future projections in and around the Klamath River Basin. 8.6
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